Introduction
In the past decade, biocompatible magnetic nanohybrids, i.e. materials consisting of an inorganic core encapsulated by a biocompatible polymeric corona, went throw various developments in biomedical applications especially in the fields of diagnosis and therapy. Numerous descriptions of their syntheses can be found in the literature (Zhang et al., 2002; Flesch et al., 2004; Fan et al., 2007; etc) . These two-steps protocols often describe the use of organic or aqueous solvents, classical thermal heating, long time reaction as well as fastidious exchange and drying steps. In recent years, microwave heating has been proven to be a very original technology for nanoparticles synthesis due to its almost instantaneous "in core" heating of materials in a homogeneous and selective way. As a consequence, this technology allows an interesting control over crystallization rate and size of the nanomaterials (Bellon et al., 2001; etc) . The formation of magnetic nanoparticles is usually realized in aqueous medium. However, the functionalization of magnetic nanoparticles is mainly conducted in organic solvent. For further biomedical applications, it seems favorable to realize these different grafting steps maintaining initial aqueous medium, thus avoiding the solvent exchanges and the particles drying. In this context, we can summarize the objective of this chapter as the study of new methods to obtain core-shell structured nanohybrids in aqueous medium from iron oxide nanoparticles and water-soluble biocompatible polymers. Is it possible to obtain iron oxide colloidal suspension and well-defined nanohybrids with simplified protocols and relatively short microwave heating time? This chapter is divided is three part, consisting for the first one, of a general presentation of biocompatible magnetic nanohybrids (properties, applications and synthesis). The second part deals with the principles of microwave heating and the description of microwave-assisted synthesis of inorganic nanoparticles. Finally, the last part is dedicated to the use of microwave heating towards magnetic nanohybrid synthesis compared to classical thermal heating process with a focus on nanoparticles characterization (morphology, size and grafted amount of polymer).
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Biocompatible magnetic nanohybrids

Definition and properties
Nanoscience is an interdisciplinary knowledge-generating domain which has the potential to create many advances in diagnosis and therapy. Nanomaterials such as magnetic nanoparticles and more especially iron oxide nanoparticles like magnetite Fe 3 O 4 and maghemite γ-Fe 2 O 3 , present three very interesting properties for in vivo applications, which depend on their magnetic capacities. The most simple and natural property is their movement in a predetermined direction like a magnet when they are in a magnetic field (Gupta & Curtis, 2004) . These particles can also produce a strong signal during a scan using a magnetic field, in RMI analysis for example (Baghi et al., 2005; Schultz et al. 1999) . The third property is their superparamagnetic behaviour, i.e. they have not persistent magnetic field when no magnetic field is applied. In this case, the temperature of the particles increases when they are subjected to a varying magnetic field with a suitable frequency (Flesch et al., 2005a) . Furthermore, these nanoparticles can be easily recycled by human cells using the classic metabolic pathways of iron treatment (Mowat, 2007) . They thus provide new properties compared to conventional drugs. Their applications will be more detailed in Part 2.2. For their utilization in diagnosis and therapy, nanoparticles can be injected intravenously before being delivered by the blood circulation to the treated area. The nanoparticles can be also injected directly to the treated area. In the first case, after their injection in the blood circulation, the nanoparticles are quickly covered by plasma protein. This process is the first implementation of the immune system and makes the nanoparticles recognizable by macrophages (Davis, 1997) . Nanoparticles capture and elimination by macrophages strongly limit their lifetime in the body and therefore their medical uses. An efficient way to overcome this problem is to make discrete nanoparticles by grafting a biocompatible polymer layer on their surfaces (Figure 1 ). The major difficulty is to find a polymer which is perfectly compatible with the human body and can be easily grafted onto an inorganic material. Biocompatibility is one of the most important characteristics of a biomedical polymer material which can provide a function with an appropriate response without any adverse effects on the biological environment. The biocompatibility of polymers depends largely on their interactions with the tissues during their whole stay in the human body. The surface composition and the surface state of a biomaterial are two important factors to evaluate its biocompatibility. Usually, the polymers used to increase half life in the human body are hydrophilic polymers. Indeed, the grafting of hydrophilic polymer onto inorganic nanoparticles avoids the process of recovering and decreases their rate of elimination (Lu et al., 1999; Gaur et al., 2000) . It is not the same case for the hydrophobic particle surfaces which are easily covered by blood plasma components and removed rapidly from the blood circulation (Gupta & Curtis, 2004) . A second essential point of the utilization of magnetic nanoparticles for diagnosis end therapy is their suspension stability. In the case of nanohybrids, the stabilization is ensured by the repulsive forces between interacting polymers attached to the particle surfaces and prohibiting the inter-particle contact. The total potential energy curve of this particlepolymer system presents a potential barrier. When the polymer chains interpenetrate, there is a loss of configuration entropy which increases the free energy of the system and then the repulsive forces between the chains can take place. The physical barrier also helps to reduce the Van der Waals forces between particles by keeping them at a certain distance. The presence of polymer on the nanoparticle surfaces gives thus better dispersion stability. 
Contrast enhancement of Magnetic Resonance Images
Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique widely used in clinical for determining the functional parameters associated or not with pathologies. The use of contrast agents is necessary to target specifically certain biological mechanisms. It is well known that the introduction of magnetic nanoparticles in tissues allows obtaining a strong signal from MRI scanner. Magnetic nanoparticles offer many advantages (high specific magnetic moment, biocompatibility, functionalizable surface etc.) compared with the classical gadolinium contrast agents (Kubaska et al., 2001) . A wide variety of nanohybrids was already studied, differing in particle size or type of cover material. Particle size influences their physico-chemical and pharmacokinetic properties (Brigger et al., 2002) . Lee et al. presented the synthesis and characterization of nanoparticles of maghemite γ-Fe 2 O 3 coated with poly(vinylpyrrolidone) (PVP) (Lee et al., 2006) . MTT cytotoxicity test, which is a rapid counting method of living cells, revealed the excellent biocompatibility of grafted nanoparticles. Observation of MRI images of distribution of grafted nanoparticles into the rabbit marginal vein showed a darker color of the liver after particles injection. Thus, the significant improvement in the detection of liver lesions by MRI using magnetic nanohybrids as contrast agent is proved.
Targeted cancer cell destruction with magnetic hyperthermia
The magnetic hyperthermia, a well-known therapy for cancer treatment, exposes the human cancer tissues to an alternating magnetic field which can not be absorbed by living tissues although can be applied within the whole human body. When magnetic particles are subjected to an alternating magnetic field, heat energy is produced due to the magnetic hysteresis loss. The amount of heat energy produced depends on the nature of magnetic materials and the properties of magnetic field. This magnetic therapy is based on the fact that cancer cells can be destroyed at a temperature around 43 °C (Berry et al. 2003) , whereas normal cells can survive at higher temperatures. Some experiments were performed on animals or cancer cells in order to detect the therapeutic effects of magnetic nanohybrids on different types of tumours. Wada et al. have proven the effectiveness of magnetic nanohybrids (magnetite Fe 3 O 4 -dextran) (MD) for hyperthermia against cancer of the mouth (Wada et al., 2003) . A suspension of MD was injected into tumours of the tongue and the tongue was heated to 43-45 °C by applying a magnetic field of 500 kHz. Owing to this technique, the inhibition of tumour growth is more effective than that of untreated tumours.
Magnetic targeting for site-specific drug delivery
Magnetic targeting drug delivery is an interesting technique for administration of pharmacologically active molecules. The objective is to improve their therapeutic index. The term vector refers to the molecular structure or the colloidal compounds used to carry or www.intechopen.com Plassat et al. (2008) showed that the liposomes, sterically stabilized by hydrophilic chains of polyethylene glycol and encapsulating superparamagnetic maghemite γ-Fe 2 O 3 nanocrystals, can be exploited to target breast cancer tumours. This exploitation is possible by applying an external magnetic field gradient at the region of interest, and by associating the nanohybrids to an antiestrogen (RU 58668), which is effective to stop the growth of estrogen-dependent tumours (Maillard et al., 2006) .
Synthesis of biocompatible magnetic nanohybrids 2.3.1 Preparation methods in the literature
The use of an anchor is necessary to attach the organic component (the polymer) to the inorganic component (the nanoparticle) (Figure 1 ). The role of this anchor is to create a strong bond such as an ionic or a covalent bond between the two components to avoid desorption (Jo & Park, 2000) . Macromolecules ionically attached to the particles surface are very sensitive to the dissolution and / or the depletion. The conditions of utilization of this type of nanohybrids would be rather limited for medical applications, since the biological environment could separate the polymer from the nanoparticle (Delair et al., 2003) . In addition, the anchor also acts as a spacer between nanoparticle core and polymer chains to facilitate the approach of the reactive polymer to the nanoparticle. The core-shell structured nanohybrid materials can be prepared following two approaches: grafting from and grafting to, considering the polymers already formed or not ( Figure 2 ). Table 2 shows various examples of the synthesis of nanohybrids using these two methods.
Fig. 2. Presentation of two principal grafting methods: grafting from and grafting to
Grafting from
Grafting from includes monomer adsorption onto particles followed by a subsequent polymerization which can be catalyzed by an initiator promoting the process (Ninjbadgar et al., 2004) . This approach proceeds in two steps: the anchoring on the particle surface and the polymerization of monomer from the anchor.
Grafting to
In the Grafting to process, the polymer is modified to react with reactive groups of the nanoparticles surface (Brachais et al. 2010; Hu et al. 2008) . In this case, the grafting is preformed either by placing an anchoring system on the particle surface or by a prior functionalization of polymer. The length of grafted chains on the nanoparticles is determined by the choice of the starting polymer. 
Comparison between grafting from and grafting to
The literature shows that grafting from process allows reaching higher contents of grafted polymers whereas grafting to process allows a good control over the length of the polymeric chains. Furthermore, grafting to method can be applied to all types of polymers possessing reactive ends. The length of polymer chain is known and well controlled. The only parameter to control is the grafting rate. Thus nanocomposites obtained by this method can be better characterized.
Reaction mechanisms proposed in the literature
In this part, we present the various steps proposed in the literature concerning the grafting reaction mechanism of polyethylene glycol (PEG) onto an inorganic core (iron oxide nanoparticle) using 3-isocyanatopropyltriethoxysilane (IPTS) as the anchor. PEG has been used widely for surface modification because of its unique properties such as hydrophilicity, flexibility, nontoxicity and nonimmunogenecity (Jo & Park, 2000) .
Formation of a urethane bond
In the case of anchoring of polymer chains, Kim et al. (2005) studied the functionalization of polyethylene glycol (PEG) with 3-isocyanatopropyltriethoxysilane (IPTS) (Figure 3 ), using dibutyl tin dilaurate (DBTL) as catalyst in tetrahydrofuran (THF). (Kim et al., 2005) Initially, the isocyanate group (NCO) of IPTS reacts with the hydroxyl end of the polymer. It is mainly the N = C bond which is involved in most reactions of isocyanates, for example the reaction between an alcohol and an isocyanate function ( Figure 3 ). The resulting urethane bond, formed after the condensation, is generally thermally stable (Barruet, 2007) . However, isocyanates react very easily with water and undergo a rapid hydrolysisdecarboxylation reaction (Figure 4 ). The amine formed after the hydrolysis is able to react with another isocyanate function to produce urea, which has very high thermal stability preventing possible subsequent substitution ( Figure 5 ) (Barruet, 2007) . Thus it is important to avoid the presence of humidity in the reaction medium during the grafting step using isocyanate functions. Fig. 4 . Decarboxylation of isocyanates in water (Barruet, 2007) www.intechopen.com 
Grafting of alkoxysilane on the nanoparticles
Alkoxysilane functions introduced during the anchoring are then used for the grafting on the nanoparticles. According to Zhang et al. (2002) , the grafting of PEG on the magnetite nanoparticles takes place by direct reaction between surface hydroxyl groups (-OH) of magnetite nanoparticles and anchor siloxane functions of polymer. PEG is grafted on the surface of magnetite by forming a covalent Fe-O-Si bond ( Figure 6 ). 
Different catalytic media for the grafting process of alkoxysilanes
It is possible to perform the grafting process under acidic, basic catalytic media or with organometallic catalyst, for catalyzing the initiation of condensation between the hydroxyl groups of particles and the silanol groups.
Acid catalysis
Alkoxysilane hydrolysis in acidic medium is based on an electrophilic substitution mechanism leading to the formation of silanol (Grignon-Dubois et al., 1980) . The following condensation between silanol and surface hydroxyl functions of the nanoparticles lays essentially on an equilibrium between the protons and the silanol functions forming the temporary charged species (Figure 7 ). These positively charged species strongly attract the surface hydroxyl groups of nanoparticles. 
Basic catalysis
The basic hydrolysis is based on a nucleophilic substitution mechanism (Buurma et al., 2003) . An ionic equilibrium is established between the silanols and the hydroxyde ions, leading to the formation of silanolate anions (Figure 8 ).
Fig. 8. Formation of silanolate anions in basic medium
Organometallic catalysis
Tin salts such as dibutyltin dilaurate (DBTL) are widely used as catalysts for reaction between the isocyanate and alcohol functions. The reaction mechanisms were well defined by Houghton & Mulvaney (1996) and Brosse et al. (1995) . Moreover, it was reported that the effect of DBTL is also to reduce the activation energy involved in the hydrolysis step of alkoxysilanes and to catalyze the condensation between silanol and hydroxyl functions (Kelnar & Schätz, 1993; Narkis et al., 1985) .
Conclusion
Nanohybrid particles combine the advantages of their two components: magnetic core (magnetic hyperthermia, strong signal in magnetic field and magnetic vectorization) and polymer corona (biocompatibility). These combinations are essential for medical uses. The preparation of magnetic nanoparticles is generally carried out in aqueous medium whereas the functionalization of the polymer is commonly performed in organic medium. However, the colloidal suspensions formed are widely used for medical diagnosis and pharmaceutical applications in aqueous phase. For those applications, a particle drying followed by a solvent exchange are necessary before the grafting of the polymer. It is important to note that the agglomeration of nanoparticles is easily formed during the drying process. This problem has already been described by several authors (Reddy et al., 2007; Ramirez & Landfester, 2003; Sreeja & Joy, 2007) . In this case, the grafting of polymers is performed on particle clusters instead of nanoparticles. Therefore it seems advantageous to carry out the synthesis by avoiding the solvent exchanges. Furthermore the preparation time is quite long (until several hours) because of the separate steps as shown in Table 2 . Thus the finding of an appropriate protocol for the synthesis of nanohybrids remains still important and necessary.
Microwave synthesis
Principles of microwave heating
The microwave region of the electromagnetic spectrum lies between infrared and radio frequencies. Their frequency ranges from 30 GHz to 300 GHz and the wavelengh from 1cm to 1m. Equation 1 shows the relation between the energy E, the frequency v or the wavelength λ of the radiation:
where h is the Planck constant and c is the speed of light. The microwave photon energy is around 10 -5 eV. This value is lower than the mean kinetic energy of Brownian motion (0.017 eV), the hydrogen bonds (0.04 to 0.44 eV) and the covalent bonds (5 eV) (Michel, 2003a) . Consequently, microwave field cannot be the origin of bond breaking. The physical origin of microwave heating comes from the ability of some materials to convert electromagnetic energy into heat energy. Indeed, the electric component of microwave field can induces a polarization of the charge carriers of the material. In the case of materials with dielectric losses, the polarization inversion process is slower than the electric field inversion of the applied electric field. There is therefore the apparition of a phase shift between the both. This phase shift gives rise to the energy conversion. A part of electromagnetic energy is stored in the material and the other part is converted into heat energy. It is possible to quantify this part of energy by the dielectric permittivity ε  (a physical complex data) defined by Equation 2.
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where ε 0 is the dielectric permittivity in vacuum, ε' is the real part of dielectric permittivity, ε'' is the imaginary part of dielectric permittivity, ε r ' is the real part of relative dielectric permittivity, and ε r '' is the imaginary part of relative dielectric permittivity. The real part corresponds to the electromagnetic energy stored and the imaginary part corresponds to the heating conversion. Then, the power dissipation P diss within the material is proportional to '' ε , according to Equation 3.
where ω is the electric field pulsation and E is the electric field amplitude. It is interesting to note that the dielectric loss changes with temperature. Two cases may arise: a) the temperature dependence of dielectric loss is positive, and in that case there is an accelerating heating, which can lead to thermal runaway; b) this dependence is negative and the microwave heating is then self-regulated.
In conclusion, the material heating under microwave irradiation is dependent on three parameters: the material dielectric loss, the frequency and the amplitude of electric field. The dielectric parameter limits the material class that could be used, the frequency is fixed by the microwave device (usually 2,45GHz), the intensity (square of the amplitude) or the power delivered is chosen by the user.
Characteristics of microwave heating
One of the most important features of microwave heating is the material volumetric heating (core heating), contrary to the classical heater devices working by convection and conduction. This property is the direct consequence of phase shift between electric field and dipolar moment of charge carriers. Thus the entire material volume is heated at the same time, contrary to the case of classical heating producing a spatial distribution of heat. Furthermore, the microwave heating kinetic could be very fast, several degrees by second. If the power applied is strong, about kilowatts over several tens of milliliters, the volumetric heating induces very high temperature within the material. Pinto-Gateau (1995) showed the influence of the position and the distribution of electric field on the temperature evolution of the material heated. She showed also the importance of a rigorous control of the dimension and the position of the material in the microwave applicator. The simulations and experiments of microwave heating in the case of waterfilled tubes indicated that: -Temperature increases more quickly when the electric field is orthogonal to the main material axe.
www.intechopen.comWhen water volume and power puissance are constant, heating kinetic depends on the tube diameter. Consequently, a microwave heating system must allow to position as precisely as possible the material regarding to the electric field, and ensure the repeatability of experiments. Figure 9 shows the main elements of a classical microwave heating system: the generator, the insulator, the waveguide (or coupler) and the applicator containing the reactor and the chemical precursors.
Microwave heating devices 3.3.1 Generalities about microwave heating systems
Fig. 9. Presentation of main elements of a classical microwave heating device
The microwave generator produces the microwave energy from the alternative electric network. It is composed of a magnetron. The most common commercial devices produce waves at 2.45GHz and power of about 1 or 2kW. The isolator protects the generator from any potentially destructive wave returns to the magnetron. It has a ferrite circulator which deflects the reflected fields on an absorbent filler, usually a water load. The transfer of energy between the generator and the applicator is provided by the waveguide (or coupler). The applicator must transfer the energy under the best possible conditions to the material to be heated. Several types of applicator are available and depend on the desired applications. Progressive wave applicators are made of rectangular waveguides, split at the maximum electric field position and where the material to be heated circulates. The resonant applicators (or the resonant cavities) allow the optimum transfer of energy to the sample because of the containment of the microwave field. The condition of resonance is that the cavity dimensions are equal to an integer number of half-wavelengths. These cavities are qualified "single mode" or "multi mode" depending on their spatial distribution modes of energy. Some cavities, equipped with a piston, are tunable: the action on the piston causes a change in the length of the cavity and thus of the resonant frequency. This microwave heating devices, we used, are specially designed by our research team in University of Burgundy
The laboratory microwave refluxing (open reactor system)
The laboratory microwave refluxing device we used, is composed by: -A generator MSE (Microwave System Energy), output frequency: 2.45 GHz; continuous and adjustable output power from 0 to 2 kW. -An insulator (for generator protection). -A waveguide to transfer of microwave energy between the generator and the refluxing reactor. The waveguide is equipped with a piston: the action on the piston causes a change in the length of the cavity and thus of the resonant frequency.
The quartz tube of the refluxing reactor is placed on the hole in the middle of the waveguide. The quartz tube containing the chemical precursors is topped with a classical reflux condenser for chemistry. The advantages of a microwave refluxing heating device are numerous: -Because of the core heating, there are no conduction or convection phenomena. The entire system volume is heated at the same time.
-
The microwave heating is selective: its effectiveness depends on the dielectric losses of the reagents. -
The absence of thermal inertia of microwave reactor, owing to internal sources, allows the optimal temperature control. -
The energy is focused on the reactor and then provides a high power density and high temperature rise.
The laboratory microwave autoclave reactor (closed reactor system)
The laboratory microwave autoclave reactor we used, is composed by: -A generator MSE (Microwave System Energy), output frequency: 2.45 GHz; continuous and adjustable output power from 0 to 2 kW. -An insulator (for generator protection) and a waveguide to transfer of microwave energy between the generator and the rectangular resonant cavity. The waveguide with radiating slots has a tuning plunger. -A rectangular resonant cavity which contains the autoclave reactor placed in its middle. -
The autoclave is connected to pressure monitoring system. It is also possible to have an in situ temperature measurement using optic thermometry. In addition, the inert gas such as argon can be introduced into the reactor to work under inert atmosphere and to control the risk of explosion with flammable solvents, oxygen and possible electric sparks. The autoclave reactor body is composed of a polymer material, the polyetherimide (PEI). This material was chosen because of its transparency to microwaves which allows the full transfer of microwave energy to the reaction medium. The second reason is its usability under severe operating conditions of temperature and pressure induced by the microwave field. The PEI presents a good mechanical strength at high temperature. Finally, the material chosen must withstand to chemical species involved during synthesis. Inside the reactor, a container in Teflon ® which is transparent to microwaves and chemically inert, contains the reaction medium. The Teflon ® container can hold up to 20 mL of precursor solution. The laboratory microwave autoclave reactor combines the advantages of a classical microwave heating device (see above) and the advantage of an autoclave reactor: the synthesis under pressure and at high temperatures (12 bars, 180 °C). Then, the laboratory microwave autoclave reactor allows a very fast temperature rise (around 5 °C.s -1 ). This advantage gives very interesting perspectives due to the kinetic which is in the same order of magnitude than the reaction time. Stuerga & Gaillard (1996) showed that the control of thermal paths allows the selective syntheses, and the heating rate can promote one reaction path among all the concurrent processes. The real-time control of pressure inside the reactor allows to adjust the generator power during synthesis to maintain the pressure at a setpoint (Bellon, 2000) . The advantages of the utilization of microwave heating in a closed reactor device (laboratory microwave autoclave reactor) are numerous. However, the use of certain compounds (such as glycols, ethers and alkanes) in a closed reactor could damage the system. In this case, the laboratory microwave refluxing device is used instead of the autoclave system. This open system provides the possibility to work safely in solution.
Microwave-assisted synthesis
We have seen the usefulness of microwave heating in comparison with other heating methods. During the synthesis in solution, this gives to particles synthesized under microwave field, some remarkable properties.
Solvent effects on microwave synthesis
Aqueous medium
Water is a solvent with high dipolar moment (1.84 Debye) and a strong dielectric constant ( ' r ε 78.5 = ). Furthermore water has strong dielectric loses at 2.45 GHz ( '' r ε 11 at 20 = ℃). These properties are sufficient to ensure a good conversion of electromagnetic energy into heat energy. The synthesis in aqueous solution could be classified into two categories: the synthesis of nanoparticles by thermal initiation and the synthesis by basic initiation: -Thermal initiation: In this case, the increase of temperature initiates the condensation process and thus the nanoparticle formation. The initiation step, more specially the nucleation step, is controlled by the heating kinetic. Microwave heating allows to separate the nucleation and growth steps. It must be noted that if microwave heating system is associated to an autoclave, the reaction temperature is higher than that in atmospheric pressure. -Basic initiation: In the second case, in a basic medium, the initiation starts by forming a precipitate when the solutions are mixed. These precipitates are then placed in a microwave field. In this case, microwave heating controls the growth and the evolution of the precipitate instead of the initiation process (Daichuan et al., 1995) .
Organic solvents
Simple alcohols are widely used in microwave synthesis. They are more employed than polyols due to their low toxicity. The alcoholic synthesis avoids the oxidation contrary to the aqueous solvent (Thanh et al., 2000; Cirera et al., 2000) . The alcohol/water mixture presents a lower dielectric constant, and thus decreases the solubility of salts and starts the precipitation earlier (Choi & Kim, 1999) . Glycols, especially ethylene glycol, are used for the synthesis of metal nanoparticles by the reduction of a hydroxide, a sulfate or a nitrate species. This process, called "polyol process" in the literature, is based on redox reactions and leads to finely divided metal powders (Komarneni et al., 2002; Harpeness & Gedanken, 2005; Grisaru et al., 2003) . Under conventional heating, this process is very long (several hours) and their transposition under microwave heating can divide the reaction time by 10.
Synthesis of nanoparticles by microwave heating
Recent works of our laboratory showed that the singular and original microwave heating induces some interesting properties to the particles obtained by microwave heating (Bellon et al., 2001; Michel et al., , 2003b Combemale et al., 2005; Bousquet-Berthelin et al., 2008) .
The effects of the core heating, of the high power focused, of the non-diffusional heating process, of the fast temperature rise, are: -quick synthesis -high crystallinity of the oxides -composition of polycation oxide is controlled -crystalline phase is controlled -size and size distribution controlled -morphology controlled -chemical selectivity We proved the possibility to realize magnetic nanoparticles by microwave heating (Caillot et al., 2002; Caillot et al. 2004; Michel, 2003b) . Microwave heating allows to accelerate chemical reactions, differents from the classical ones. Main advantage is its almost instantaneous "in core" heating of materials in a homogeneous and selective manner which results in a reduction of the processing time and energy cost. Sreeja & Joy (2007) synthesized maghemite nanoparticle of 10 nm from solution of FeSO 4 and FelCl 3 with MARS5 CEM system (max power of 1200W) in 25 min. Kulikov et al. (2003) prepared maghemite nanoparticles of 5 nm by microwave heating of Fe(NO 3 ) 3 in aqueous solution. The system was domestical microwave (2450 MHz, 850 W). These examples show that microwave heating allows to decrease the reaction time compared to classical heating (Ge et al., 2006) .
Contribution of microwave heating towards the magnetic nanohybrids synthesis
As previously stated in paragraph 2.3, magnetic nanohybrids are commonly synthesized in two steps under classical heating. The first step is the preparation of magnetic nanoparticles, and the second step is the grafting of polymers onto the nanoparticles. The major problems imposed by these protocols are the obligation of a solvent exchange and the long reaction times (Table 2) . We developed a new approach of the magnetic nanohybride aqueous synthesis: a microwave-assisted one-step grafting of the polymer on the maghemite nanoparticles during their formation. mPEG was used because it has only one alcohol end function which does not allow the intraparticle grafting or the interparticle grafting (Werne & Patten, 2001) . A comparison will be made between this microwave treatment with those prepared using classical heating mode (Figure 10 ) according to several criteria: particle size and crystallinity, reaction time and grafted amount of polymer on the nanoparticles.
Experimental part
Synthesis of silanated mPEG (mPEG-Si)
The trialkoxysilylated mPEG (mPEG-Si) was prepared by direct coupling of mPEG with IPTS through a urethane bond. IPTS was chosen as coupling agent to allow the grafting of mPEG chains at the surface of maghemite nanoparticles. 40 mL of anhydrous THF is added to 16 g of dried mPEG under nitrogen. Then, 5.5 mL (0.022 mol) of IPTS and 0.56 ml (0.9.10 -3 mol) of DBTL is added to the mPEG solution. The mixture is stirred continuously for 48 h under nitrogen. After the reaction, the silanated mPEG is precipitated into hexane (400 mL) and dried in vacuum at room temperature for 24 h (yield = 71 %). According to the work published by Jo & Park (2000) , the 300 MHz spectrum shows six sets of peaks: 1 H-NMR (CDCl 3 , 300 MHz): = 0.55 (t, 2H, J = 8.3 Hz, -CH 2 Si), 1.16 (t, 9H, J = 6.9 Hz, -OCH 2 CH 3 ), 1.49−1.59 (m, 2H, -CH 2 CH 2 CH 2 Si), 3.31−3.82 (m, 4nH, -(CH 2 CH 2 O) n -), 4.14 (t, 2H, J = 4.7 Hz, -CH 2 OC(O)NH-), 4.94 (s-large, 1H, -OC(O)NH-). These results show that the functionalization step is complete at the end of the reaction with IPTS which is used in excess.
mPEG grafting onto maghemite nanoparticles
In the following procedures (Figure 10 ), the grafting of the maghemite nanoparticles is performed in water with a typical w/w (Si-mPEG/γ-Fe 2 O 3 ) ratio of 10. DBTL is added as a catalyst. After the reactions, the excess of Si-mPEG was removed by 10 centrifugationdispersion cycles in distilled water.
Two-step grafting procedure by classical heating (Sample 1)
The maghemite nanoparticles are synthesized in advance according to the procedure developed by Massart (1981) . Briefly, 0.0019 mol of FeCl 2 and 0.0038 mol of FeCl 3 are mixed at 80 °C with 100 mL of distilled water. 10 minutes of agitation is carried out after adding 4.5 mL of 28 % ammonia to the reaction mixture and magnetite black particles precipitate. Magnetite particles are oxidized with 7.5 mL of HNO 3 2 M for 10 min and then with 7.5 mL of Fe(NO 3 ) 3 0.33 M solution at 80 °C for 30 min. 1 mL of freshly prepared ferrofluid reacts with 0.10 g of Si-mPEG at 80 °C for one hour.
One-step grafting procedure by classical heating (Sample 2)
0.00228 mol of FeCl 2 , 0.00038 mol of FeCl 3 and 0.00013 mol of Si-mPEG are dissolved at 80 °C in distilled water. 10 minutes of agitation is carried out after adding 0.45 mL of 28 % ammonia to the reaction mixture and magnetite black particles precipitate. Nanoparticles are oxidized with 0.75 mL of HNO 3 2 M for 10 min and then with 0.75 mL of Fe(NO 3 ) 3 0.33 M solution at 80 °C for 30 min.
One-step grafting procedure by microwave heating (Sample 3)
For this one-step synthesis, we didn't choose the laboratory microwave autoclave reactor formicrowave autoclave reactor and (c) the grafting in alcoholic medium is not proved. Thus the functionalization is performed by the microwave (2.45 GHz) refluxing device. The power used was 400 W, higher microwave power might cause the difficult control of reaction system. 0.00228 mol of FeCl 2 , 0.00038 mol of FeCl 3 and 0.00013 mol of Si-mPEG are dissolved in water, then the reaction mixture is submitted to a microwave irradiation power of 400 W for 10 min after adding 0.45 mL of 28 % ammonia and magnetite black particles precipitate. They are oxidized with 0.75 mL of HNO 3 2 M and 0.75 mL of Fe(NO 3 ) 3 0.33 M solution under microwave irradiation for 10 min additional treatment. The experimental conditions of these syntheses are summarized in Table 3 . The results show that maghemite nanoparticles can be synthesized by the microwave heating method in an attractive shorter time.
Sample
Grafting protocol Heating mode Total reaction time ( Table 3 . Reaction conditions of different nanohybrids synthesis
Characterization of the grafted nanoparticles
Structural characterization
In the case of one step grafting procedure, the grafting step occurs at the same time as the formation of the nanoparticles. The diffractogrammes imply that the nanoparticles have a cubic crystal structure (Figure 11 ). Raman spectra allow us to confirm that these samples contain pure maghemite nanoparticles, by the presence of characteristic bands of maghemite phase around 350, 500 and 700 cm -1 (Figure 12) . Nakashima et al. (2001) showed that the relative intensities of the bands are related to the crystallinity of the particles. The intensity of the bands of particles grafted by microwave reflux heating is stronger than those of particles grafted by conventional heating, which means that the microwave reflux heating tends to improve the crystallinity of the particles. The microwave system reflux can induce a very rapid heating rate throughout the system and lead to the instantaneous nucleation of monodisperse particles. Fig. 12 . Raman spectra of ungrafted and grafted maghemite nanoparticles
Particle morphology and size
The particle morphology is studied initially by Transmission Electron Microscopy (TEM). Nanosized almost spherical nanoparticles are observed ( Figure 13 ). Table 4 reveals a good agreement with the average particle sizes determined by XRD profile analysis. The presence of the macromolecular chain is not visible on the images of grafted maghemite but the pictures reveal that the nanoparticles can be isolated. 
Surface properties
Zeta potential of ungrafted maghemite is 42.3 mV ( Table 5 ) which signifies that the solution is stable. The protonated hydroxyl groups present on their surface ensured efficient electrostatic stabilization of the iron oxide particles. The decrease of surface charge of the grafted samples showed successful PEG grafting. To explain this phenomenon, two reasons are suggested: neutralization of the positive charge of nanoparticles by a covalent bond with mPEG-Si or screening effect of the polymer covering the surface which hides the positive charge (Lu et al., 2007) .
Sample Zeta Potential (mV) Maghemite +42.3 ± 2,1 1 -0.1 ± 0,1 2 +0.2 ± 0,1 3 +0.1 ± 0,1 Table 5 . Zeta potential of ungrafted and grafted maghemite nanoparticles
Chemical bonds in the nanohybrids
The comparison of FTIR spectra of the ungrafted and grafted nanoparticles, in the 400 -2000 cm-1 range, is shown in Figure 14 . The peaks at 631 and 567 cm -1 in the spectrum of ungrafted particles are assigned to the Fe-O bond vibration of maghemite particles (Li et al., 2004) . The peak at 1384 cm -1 is attributed to the v(N-O) deformation from the surface nitrates (Mornet et al., 2005) .
The spectrum of Si-mPEG is presented for the reference. The peak at 1715 cm -1 is attributed to the vibration of the urethane carbonyle bond v(C=O) (Kim et al., 2005) . The presence of absorption peak at 1531 cm -1 reveals the presence of urethane bond (NH) (Schoonover et al., 2007) . The peaks at 1466, 1348 and 1279 cm -1 are attributed to the vibration of -CH 2 (Flesch et al., 2005a) . The signal at 1240 cm -1 is attributed to the vibration of v(C-O) (Zhang et al., 2008) . The band around 1105 cm -1 is due to the v(Si-O) vibration (Ma et al., 2003) . The bands at 961 and 839 cm -1 correspond to the ethoxy groups -OC 2 H 5 (Steitz et al., 2007) . The absorption band at 943 cm -1 belongs to -CH out-of-plane bending vibration of PEG (Zhang et al., 2002 (Yamaura et al., 2004) . The vibration of the carbonyle bond is shifted from 1715 to 1695 cm -1 after grafting, since this bond is weakened by hydrogen bonds that are formed between carbonyl and surface hydroxy groups (Posthumus et al., 2004) . The disappearance of the characteristic peaks for the ethoxy groups at 961 and 839 cm -1 shown in the spectrum of silanated m-PEG, indicates that hydrolysis 
Grafted amounts of polymers
The grafted amount of mPEG-Si determined by thermogravimetric analysis (TGA) reveals the effectiveness of mPEG-Si grafting whatever the grafting methods used (Table 6 ). It has been calculated from the difference in losses between the grafted maghemite and the ungrafted maghemite in the temperature range between 30 and 850 °C. Table 6 . Grafted amount of samples 1, 2 and 3
Weight losses of 15 % and 12 % of grafted mPEG-Si at the nanoparticles surface were determined for the two samples prepared by the one step procedure. These values are slightly superior to the one obtained by the two steps procedure (10 %). However, the one step procedures take less time to reach this grafted amount. Especially, the sample 3 prepared by the microwave refluxing allows to reduce 82 % of the reaction time. Compared to the classical two steps method, microwave heating provides the best grafting rate of mPEG onto nanoparticles. Ge et al. (2006) has shown the same tendency in his work. These results show that the microwave heating can increase the grafting rate over the conventional method.
Conclusion
In this part, we studied the preparation of magnetic nanohybrids by microwave heating, compared with the classical system. One two-step and two one-step procedures in terms of PEG grafting onto maghemite nanoparticles in aqueous medium were compared. In all cases, the formation of pure polycrystalline maghemite nanoparticles was proved by XRD and Raman analysis, the PEG grafting was evidenced by FTIR spectroscopy and by means of zeta potential measurements, and the grafted amount was determined by TGA. The main difference between microwave heating and conventional heating is a consequent time saving. It is obvious that one-step microwave heating procedure gives the same amount of PEG grafting by using less reaction time (82 % shorter) than the other two methods. Moreover, Raman studies reveal that microwave treatment tends to result in better crystallized particles. Microwave heating provides a simple and convenient way for the PEG grafting that could potentially be useful in the field of magnetic nanohybrids.
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Conclusion
The magnetic nanohybrids (magnetic core/biocompatible polymeric corona) are increasingly used in medical imaging applications, for drug delivery, for hyperthermia treatment... While conventional methods for the synthesis of nanohybrids have the disadvantages of changing solvent and to be long, we have proposed simplistic approaches. The use of polymer functionalized with an anchor allows to achieve grafting directly in aqueous medium containing magnetic oxide nanoparticles. Another improvement is to grow the magnetic nanoparticles in the presence of polymer chains linked with an anchor: this procedure guarantees the non-agglomeration of nanoparticles and the grafting of individual particles. Finally we take advantage of microwave heating (core heating, high heating power, high speed of temperature rise, uniform heating ...) for the synthesis of nanohybrids in aqueous medium. The microwave was used to obtain magnetic particles of pure γ-Fe 2 O 3 , with a good crystallinity, of monodisperse sizes (21 nm) and a grafting amount of PEG identical to that obtained by the conventional methods but with a synthesis time considerably shorter, at least 5 times faster. This approach can be applied to other hybrid systems and for many other applications: in plant biology, in cosmetics, in cements, in paints, in formulation...
